Introduction
============

Ovarian cancer (OC) has the highest mortality rate of any gynecological cancer worldwide ([@b1-ol-0-0-9273]--[@b7-ol-0-0-9273]). During the early stages of the disease, OC tends to metastasize to the abdominal cavity and pelvis ([@b6-ol-0-0-9273],[@b8-ol-0-0-9273]--[@b10-ol-0-0-9273]). As a result, approximately three-quarters of OC patients have already developed metastases at the time of first diagnosis. Despite numerous advances in surgery and chemotherapy, the overall survival rate of OC patients remains unsatisfactory, with a 5-year survival rate of \~30% ([@b11-ol-0-0-9273]). As the poor prognosis of this disease is associated with the occurrence of cancer metastasis and recurrence, the examination of the mechanisms involved in OC metastasis is important.

Solute carrier family 6 member 1 (SLC6A1) is a crucial component of the GABAergic system, the abnormal expression of which may be responsible for GABAergic malfunction in various pathological conditions ([@b12-ol-0-0-9273]). Levels of SLC6A1 in the mucosa of atrophic gastritis and intestinal metaplasia have been observed to be upregulated \>10-fold compared with normal gastric mucosa tissues ([@b13-ol-0-0-9273]). SLC6A1 is thus a potential marker for the diagnosis and treatment of gastric cancer and precancerous lesions. In clear cell renal cell carcinoma, SLC6A1 has a high expression and miR-200c-3p has a low expression. Lower SLC6A1 expression demonstrated longer survival time and higher survival rate. SLC6A1 is a direct target of miR-200c. The ability of cellular migration and invasion of a number of cancer types, including renal cell carcinoma, are regulated by miR-200c ([@b14-ol-0-0-9273]). miR-200c is decreased expression in numerous types of cancer. In non-small cell lung cancer, the downregulation of miR-200c promotes non-small cell lung cancer progression ([@b15-ol-0-0-9273]). In gastric cancer, miR-200c prohibits TGF-β-induced-EMT to restore trastuzumab sensitivity by targeting ZEB1 and ZEB2 ([@b16-ol-0-0-9273]). Therefore, SLC6A1 may promote the migration and invasion of renal cell carcinoma. However, the expression and function of SLC6A1 in OC remain unknown.

The present study identified that CDX2 mRNA may act as a competing endogenous RNA (ceRNA) that regulates the expression of SLC6A1 through competition for microRNA (miRNA/miR) 133a in SK-OV-3 OC cells, potentially providing a novel insight into the pathogenesis of OC.

Materials and methods
=====================

### Tissue samples

The tissue array (bc110118) was purchased from US Biomax (Rockville, MD, USA). This array included 45 cases of epithelial ovarian cancer and 9 cases of normal ovarian tissue. Tissue samples were fixed in 4% formalin at 4°C and embedded in paraffin.

### Immunohistochemistry (IHC)

Tissue samples were sectioned to 4-µm thick, deparaffinized in xylene, dehydrated in a graded ethanol series, subjected to antigen retrieval in citrate buffer (pH 6.0; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) for 30 min in a pressure cooker, and washed in PBS. PBS was used for all subsequent washes and for antiserum dilution. The endogenous peroxidase activity of the tissue sections was quenched using 3% hydrogen peroxide and blocked with PBS containing 10% goat serum (Sigma-Aldrich; Merck KGaA) for 1 h at 37°C. Next, slides were incubated with a rabbit monoclonal SLC6A1 antibody (dilution, 1:200; cat. no., ab180516; Abcam, Cambridge, UK) overnight at 4°C. Negative controls included omission of primary antibody and the use of irrelevant primary antibody (dilution using PBS, 1:100; p53; ab131442; Abcam). Following three washes of 3 min to remove excess antibody, the slides were incubated with anti-rabbit biotinylated antibodies (dilution, 1:300; bs-0312R; Beijing Biosynthesis Biotechnology Co., Ltd., China) for 1 h at 37°C. All slides were washed in PBS and were incubated in avidin-biotin peroxidase complex (dilution, 1:300; Origene Technologies, Inc., Beijing, China) for 30 min in humidified chambers at 37°C. Diaminobenzidine (Beijing Biosynthesis Biotechnology Co., Ltd., Beijing, China) was used as a chromogen, and 1% hematoxylin (C0105, Beyotime Biotechnology) for 5 min at 4°C was used as a nuclear counter-stain.

Slides were independently evaluated by 3 pathologists for the distribution and intensity of signal, as described previously ([@b17-ol-0-0-9273]). Intensity was scored between 0 and 3, as follows: 0, negative; 1, low immunopositivity; 2, moderate immunopositivity; 3, intense immunopositivity. A mean of 22 fields of view were observed for each sample.

### Cell lines and culture conditions

SK-OV-3, OVCAR3 and A2780 OC cell lines were purchased from the Institute of Biochemistry and Cell Biology of the Chinese Academy of Sciences (Shanghai, China). Cells were cultured in RPMI-1640 or DMEM (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin and 100 mg/ml streptomycin (Invitrogen; Thermo Fisher Scientific, Inc.) in humidified air at 37°C with 5% CO~2~. miRNA mimics were purchased from Shanghai Genepharma Co., Ltd. (Shanghai, China). Non-specific short interfering RNA was used as a negative control. miR-133a mimics sequence: 5′-AGCUGGUAAAAUGGAACCAAAU-3′; NC: 5′-UUCUCCGAACGUGUCACGUTT-3′ miR-133a inhibitors: 5′-CAGCUGGUUGAAGGGGACCAAA-3′; inhibitors NC: 5′-GAGUACUUUUGUGUAGUACAA-3′. CDX2 siRNA sequence: 5′-GGGUUGUUGGUCUGUGUAACA-3′; SLC6A1 siRNA sequence: GGAUCUGUCCGACAGUCAAGA. The transfection reagent siRNA-mate was provided from Genepharma Co., Ltd. (G04002; Shanghai, China). The transfection protocol was described by the previous studies ([@b18-ol-0-0-9273]).

### 5-ethynyl-2′-deoxyuridine (EdU) assay

The proliferation of cells was detected by an EdU assay, as described previously ([@b19-ol-0-0-9273]).

### Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)

Total RNA was isolated using an RNA Pure High-purity Total RNA Rapid Extraction kit (BioTeke Corporation, Beijing, China), according to the manufacturer\'s protocol. cDNA was synthesized using the iSCRIPT cDNA synthesis kit (Bio-Rad Laboratories, Inc., Hercules, CA, USA). SLC6A1 or CDX2 mRNA expression levels were examined by qPCR using the iQ5 Real-Time PCR Detection system (Bio-Rad Laboratories, Inc.) and All-in-One qPCR mix with SYBR-Green (GeneCopoeia, Inc., Rockville, MD, USA). β-actin values were used for normalization. Primers used for PCR were purchased from GeneCopoeia, Inc. \[cat. nos., HQP017395 (SLC6A1), HQP016381 (β-actin) and HQP000553 (CDX2); Rockville, MD, USA\]. Amplification was performed with an initial 10-min denaturation step at 95°C, followed by 40 amplification cycles of 10 sec at 95°C, 20 sec at 60°C and 10 sec at 72°C. For detecting miR133a, reverse transcription was performed following the applied GeneCopoeia protocol and normalization was performed against U6. Primers were purchased from GeneCopoeia (HmiRQP3057 and HmiRQP9001). The 2^−ΔΔCq^ method was employed for quantification ([@b20-ol-0-0-9273]).

### Western blot analysis

Expression of SLC6A1 and CDX2 protein was analyzed by western blotting, as previously described ([@b21-ol-0-0-9273]). The primary antibodies used included monoclonal rabbit anti-SLC6A1 (dilution, 1:5,000; DCABH-6396; Creative-Diagnostics, Shirley, USA), monoclonal rabbit anti-CDX2 (dilution, 1:5,000; ab76541, Abcam) and polyclonal rabbit anti-β-actin (dilution, 1:5,000; ab8226, Abcam). The bands were detected via enhanced chemiluminescence reagent (Beyotime Institute of Biotechnology, Jiangsu, China) and quantified using ImageQuant 3.3 software (GE Healthcare Life Sciences, Shanghai, China).

### Dual luciferase reporter assay

Luciferase reporter assay was performed using the Dual-Luciferase Reporter Assay System (Promega Corporation, Madison, WI, USA) according to the protocol provided by the manufacturer ([@b22-ol-0-0-9273]--[@b25-ol-0-0-9273]). For the luciferase reporter assay, wild type or mutant reporter constructs (termed WT or Mut; purchased from Genepharma Co., Ltd., Shanghai, China) were co-transfected into SKOV3 cells in 24-well plates with 100 nM miR-133a mimics or 100 nM miR-NC and *Renilla* plasmid using Endofectin™-Plus (GeneCopoeia). Reporter gene assay was performed 48 h post-transfection using the Dual-Luciferase Assay System (Promega Corporation). Firefly luciferase activity was normalized for transfection efficiency using the corresponding *Renilla* luciferase activity.

### Transwell invasion assay

Invasion assays were performed as follows: The upper side was coated using basement membrane matrix for 2 h at 37°C. The MCF-7 cells were added into the top chamber, and then incubated for 48 h. Paraformaldehyde (6%) was used to fix the invasive cells. Then, stained in 0.5% crystal violet (Beyotime) and counted ([@b26-ol-0-0-9273]--[@b28-ol-0-0-9273]).

### Wound healing assay

The cell migration assays were performed in accordance with our previous studies. Briefly, ovarian cancer cells were cultured in a 6-well plates at \~80% confluence. The medium was replaced with serum-free medium. After the wounding, the distance between two wounds was measured at 0 and 72 h ([@b29-ol-0-0-9273]--[@b32-ol-0-0-9273]).

### Statistical analysis

All statistical analyses were performed using SPSS software, version 17.0 (SPSS, Inc., Chicago, IL, USA). All values were expressed as the mean ± standard error of the mean. Statistical analysis was performed using the Student\'s t-test or analysis of variance followed by a Scheffe test. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Expression of SLC6A1 in OC tissues

The expression profile of SLC6A1 in OC was not previously fully elucidated. In the present study, the expression pattern of SLC6A1 in normal ovary and OC tissue samples was examined using IHC. The expression of SLC6A1 was markedly higher in OC tissues compared with adjacent tissue ([Fig. 1](#f1-ol-0-0-9273){ref-type="fig"}). SLC6A1 expression was localized at the plasma membrane and in the cytoplasm ([Fig. 1A and B](#f1-ol-0-0-9273){ref-type="fig"}).

### Expression of SLC6A1 and CDX2 in OC cells

The expression of SLC6A1 and CDX2 mRNA was assessed in SK-OV-3, OVCAR3 and A2780 cells. The expression of SLC6A1 and CDX2 mRNA in SK-OV-3 and OVCAR3 cells was higher than that in A2780 cells ([Fig. 2A](#f2-ol-0-0-9273){ref-type="fig"}; P\<0.05).

### Interaction between SLC6A1 and CDX2 in SK-OV-3 OC cells

In the present study, transfection efficiency of OVCAR3 cells was low. Therefore, SK-OV-3 cells were chosen on account of their high expression of SLC6A1 and CDX2. The level of SLC6A1 protein and mRNA expression decreased when CDX2 expression was silenced ([Fig. 2B and C](#f2-ol-0-0-9273){ref-type="fig"}; P\<0.05). Similarly, the level of CDX2 mRNA was decreased when SLC6A1 expression was silenced ([Fig. 2D](#f2-ol-0-0-9273){ref-type="fig"}; P\<0.05). When miR133a expression was silenced, the association between SLC6A1 and CDX2 expression levels was reduced ([Fig. 2C and D](#f2-ol-0-0-9273){ref-type="fig"}).

### SLC6A1 and CDX2 are targets of miR133a

To determine whether SLC6A1 and CDX2 are targets of miR133a, miR133a mimics and inhibitors were transfected into SK-OV-3 OC cells. The expression of SLC6A1 and CDX2 was decreased when cells were transfected with miR133a mimics ([Fig. 3A](#f3-ol-0-0-9273){ref-type="fig"}; P\<0.05). By contrast, the expression of SLC6A1 and CDX2 was increased when transfected with miR133a inhibitors ([Fig. 3B](#f3-ol-0-0-9273){ref-type="fig"}; P\<0.05). Luciferase assays confirmed the existence of specific crosstalk between the SLC6A1 and CDX2 mRNAs through competition for miR133a binding ([Fig. 3C and D](#f3-ol-0-0-9273){ref-type="fig"}).

### Silencing SLC6A1 and CDX2 increased the expression of miR133a

We hypothesize that SLC6A1 and CDX2 regulate miR133a. The expression of miR133a increased following the silencing of SLC6A1 or CDX2 expression ([Fig. 3E](#f3-ol-0-0-9273){ref-type="fig"}; P\<0.05). To the best of our knowledge, this study provides the first evidence for a positive association between SLC6A1 and CDX2 expression and for crosstalk between miR133a, SLC6A1 and CDX2.

### Silencing SLC6A1 and CDX2 inhibited the proliferation, migration, and invasion of SK-OV-3 cells

The proliferation ([Fig. 4](#f4-ol-0-0-9273){ref-type="fig"}), migration and invasion ([Fig. 5](#f5-ol-0-0-9273){ref-type="fig"}) of SK-OV-3 cells were markedly reduced following the silencing of SLC6A1 and CDX2 expression.

Discussion
==========

In the present study, SLC6A1 expression was increased in OC compared with adjacent tissue and SLC6A1 expression was revealed to be associated with CDX2 via miR133a. The proliferation, migration, and invasion of OC SK-OV-3 cells were regulated by SLC6A1, CDX2 and miR133a.

SLC6A1 is a crucial component of the GABAergic system. The abnormal expression of SLC6A1 may be responsible for GABAergic malfunction in various pathological conditions ([@b12-ol-0-0-9273]). SLC6A1 expression was \>10-fold higher in the mucosa of atrophic gastritis and intestinal metaplasia tissues when compared with normal gastric mucosa tissue, and so SLC6A1 is a potential marker for the diagnosis and treatment of gastric cancer and precancerous lesions ([@b13-ol-0-0-9273]). However, the role served by SLC6A1 in OC is unknown. The current study demonstrated that the expression of SLC6A1 was increased in OC tissue compared to normal tissue, and SLC6A1-knockdown inhibited the proliferation, migration, and invasion of OC cells. These data indicate SLC6A1 may serve an important role in OC progression.

CDX2 is a nuclear homeobox transcription factor in the caudal-associated family of CDX homeobox genes ([@b33-ol-0-0-9273]). CDX2 functions in the control of normal embryonic development, cell proliferation, differentiation, adhesion and apoptosis ([@b34-ol-0-0-9273]--[@b38-ol-0-0-9273]). CDX2 is upregulated in numerous types of human gastrointestinal cancer and mutations in CDX2 in gastric epithelial cells are associated with tumorigenesis ([@b39-ol-0-0-9273]--[@b42-ol-0-0-9273]). Expression of CDX2 is upregulated by IL-6 through the Janus kinase/signal transducers and activators of transcription pathway ([@b43-ol-0-0-9273]). In the present study, silencing CDX2 expression inhibited the proliferation, migration and invasion of ovarian cancer cells, indicating that CDX2 may regulate ovarian cancer growth and metastasis.

ceRNAs are transcripts that regulate the expression of each other through competition for their shared miRNA recognition elements ([@b44-ol-0-0-9273],[@b45-ol-0-0-9273]). High-mobility group AT-hook 2 is a protein that can promote lung cancer progression in mouse and human cells by functioning as a ceRNA for the let-7 miRNA family ([@b46-ol-0-0-9273]). Phosphatase and tensin homolog mRNA acts as a ceRNA, regulating zinc finger E-box-binding homeobox 2 and BRAF expression to promote melanoma genesis ([@b47-ol-0-0-9273]). The BRAF pseudogene functions as a ceRNA to regulate lymphoma ([@b48-ol-0-0-9273]). ceRNA regulatory networks serve an important role in cancer progression ([@b49-ol-0-0-9273],[@b50-ol-0-0-9273]). In the present study, the association between SLC6A1 and CDX2 expression was dependent on miR133a, indicating that SLC6A1 mRNA may function as a ceRNA that regulates CDX2 expression by competitively binding with miR133a. miR133a is abnormally expressed in numerous cancer types. Decreased expression of miR133a is closely associated with the progression of tumors ([@b51-ol-0-0-9273],[@b52-ol-0-0-9273]). miR133a is involved in the initiation and malignant progression of human epithelial OC ([@b53-ol-0-0-9273]). The present study identified that SLC6A1 and CDX2 were direct targets of miR133a and also indicated that the aberrant expression of SLC6A1 may serve a role in OC.

In conclusion, the present study revealed that the association between SLC6A1 and CDX2 regulated OC SK-OV-3 cell proliferation, migration and invasion, through miR133a. The study provides a novel insight into ovarian cancer pathogenesis and potential therapeutic targets. Further studies will be performed to consider the interaction between SLC6A1 and CDX2 *in vivo*.

The authors thank Chengdu Danfeng Technology Co., Ltd. (Chengdu, China) for providing ideas and assistance.

Funding
=======

No funding was received.

Availability of data and materials
==================================

All data generated or analyzed during this study are included in this published article.

Authors\' contributions
=======================

YZ and XZ made substantial contributions to the conception of the present study. YZ, undertook data interpretation of data for the work. YH and CL contributed to the analysis and interpretation of data and are accountable for all aspects of the work in ensuring that questions related to the accuracy or integrity of any part of the work are appropriately investigated and resolved.

Ethics approval and consent to participate
==========================================

Not applicable.

Patient consent for publication
===============================

Not applicable.

Competing interests
===================

The authors declare that they have no competing interests.

![Expression of SLC6A1 in ovarian cancer tissues, as determined with immunohistochemistry. Expression in (A) ovarian mucinous adenocarcinoma (B) serious adenocarcinoma and (C) normal ovarian tissues. Magnification, ×200. SLC6A1, solute carrier family 6 member 1.](ol-16-04-4977-g00){#f1-ol-0-0-9273}

![Relative expression of SLC6A1 and CDX2 mRNA and protein. (A) SLC6A1 and CDX2 mRNA was detected in A2780, OVCAR3 and SK-OV-3 ovarian carcinoma cells. SK-OV-3 cells were used for further experiments. Silencing CDX2 downregulated the expression of SLC6A1 (B) protein and (C) mRNA. (D) Silencing SLC6A1 downregulated the expression of SLC6A1 mRNA. Inhibiting miR133a reversed the effect. Results are mean ± standard error of the mean. \*P\<0.05. SLC6A1, solute carrier family 6 member 1; CDX2, caudal-type homeobox protein 2.](ol-16-04-4977-g01){#f2-ol-0-0-9273}

![Association between SLC6A1 and CDX2 in SK-OV-3 cells. (A) miR-133a mimics inhibited the mRNA expression of SLC6A1 and CDX2. (B) miR-133a inhibitors upregulated the mRNA expression of SLC6A1 and CDX2. miR-133a mimics reduced the relative luciferase activity of the (C) SLC6A1 and (D) CDX2 3′UTRs compared with mutant 3′UTRs. (E) Silencing CDX2 or SLC6A1 with specific siRNAs upregulated miR-133a expression. Results are mean ± standard error of the mean. \*P\<0.05. SLC6A1, solute carrier family 6 member 1; CDX2, caudal-type homeobox protein 2; miR-133a, microRNA-133a; 3′UTR, 3′-untranslated region; NC, negative control oligo; siCDX2, short interfering RNA targeted at CDX2; siSLC6A1, short interfering RNA targeted at SLC6A1.](ol-16-04-4977-g02){#f3-ol-0-0-9273}

![Detection of cell proliferation in SK-OV-3 cells by an EdU assay. Magnification, ×200. EdU, 5-ethynyl-2′-deoxyuridine; NC, negative control; siSLC6A1, short interfering RNA targeted at solute carrier family 6 member 1; siCDX2, short interfering RNA targeted at caudal-type homeobox protein 2.](ol-16-04-4977-g03){#f4-ol-0-0-9273}

![Detection of the rate of (A) invasion and (B) migration in SK-OV-3 cells. NC, negative control; siSLC6A1, short interfering RNA targeted at solute carrier family 6 member 1; siCDX2, short interfering RNA targeted at caudal-type homeobox protein 2.](ol-16-04-4977-g04){#f5-ol-0-0-9273}
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